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ABSTRACT
M ejs trick , Peter F. Geology
Petrogenesis o f the Purcell S i l l  G lacier National Park, Montana 
D irector: Donald Hyndman / i  J Z W
The Purcell S i l l  o f G lacier National Park is a Precambrian a lka­
lin e  o liv in e  diabase that outcrops along the Continental Divide from 
the southern boundary o f the park northward into Canada. The s i l l  is 
marked by the assim ilation and subsequent contamination by quartz ite  
and dolomite xenoliths. Q uartzite xenoliths added SiÜ2  to the diabase 
and dolomite xenoliths added MgO and CO2 , and withdrew AI2 O3  and SiOg. 
Xenoliths rose in the s i l l  in accordance with th e ir  densities to co l­
le c t in a 'granophyric' hybrid zone. Chemical and pétrographie data 
suggest that approximately 4 cubic meters of xenoliths were infused 
per 28 cubic meters o f diabase.
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INTRODUCTION
The Purcell S i l l  o f G lacier National Park in northwestern 
Montana is  one of many basaltic  rocks included under the broad 
heading o f the Purcell S u ite . This grouping is extensively de­
veloped as s i l l s ,  dikes, and lavas in the M cGillivray, Galton 
and Purcell Ranges of B ritis h  Columbia, and the Lewis and Living­
ston Ranges of Montana (Daly, 1912).
This p a rtic u la r s i l l  was chosen fo r examination because of
i t s  extensive assim ilation o f xenoliths. The object of th is  report
is  to describe the inherent chemical, m ineralogical, and pétro­
graphie transformations associated with these assimilation proces­
ses and thereby develop a detailed  petrogenesis fo r this s i l l  as 
well as a general model fo r  s im ila r ly  affected basaltic rocks.
Previous Work
Finlay (1902) was the f i r s t  to reconnoiter the igneous geology 
in the area of G lacier National Park. His report includes outcrop 
re la tion s of both in trus ive  and extrusive phases and th e ir  basic 
petrography.
The work by Daly (1912) on the geology north o f the fo rty -  
ninth p ara lle l provides a more deta iled  description. Whereas most 
o f his discussion is based on the observations of the abundant 
igneous rocks o f the Purcell Range in B ritish  Columbia, fo r which 
the regional su ite  is  named, he provides petrogaphic descriptions 
o f lavas, s i l ls  and dikes in the area o f G lacier National Park 
and in adjacent Waterton National Park.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
The general geology o f G lacier National Park has been described 
by Ross (1959). However, l i t t l e  time was spent in the study of the 
s i l l ,  the report providing some outcrop locations and b rie f pétro­
graphie descriptions. Ross is  responsible fo r the misnomer 'meta- 
gabbro' which is  the common but misleading terminology fo r the rock 
in  the park. A geologic map accompanies his paper but unfortunately 
the s i l l  is incompletely and imprecisely mapped.
Hunt (1958) described the petrography of the Purcell S il l  in 
the S t. Mary region of B ritis h  Columbia, his work overlapping into  
Waterton and G lacier National Parks. A more extensive study (Hunt, 
1961) includes chemical analyses and a compilation o f data fo r the 
province. This la t te r  paper reports the age of the s i l l  as 1100 X 10^ 
years by K-Ar methods on an amphibole from the s i l l  a t Logan Pass.
General Geology
The Purcell S i l l  o f the area outcrops from the northern edge of 
the Flathead National Forest northwestward through both Glacier and 
Waterton National Parks to beyond Yarrow Creek in B ritish  Columbia, 
about 30 miles north o f the in ternational border (Figure 1 ). Its  
exposures to the east and west are controlled by a broad syncline 
the axis o f which trends in th is  northwesterly d irec tio n . The rocks 
w ith in  the area are o f the B e lt Supergroup and are nearly undisturbed 
and only lo c a lly  folded or cut by minor steeply-dipping fa u lts . A 
low-grade burial metamorphism is  superimposed on a l l  the rocks, the 
lower-most Altyn Limestone reaching the c h lo rite  zone (Eslinger and 
Savin, 1973).
Information on geography, s tra tig rap h y, structure and geomor­
phology of the area is contained in  Ross (1959).
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Figure 1. Index map o f G lacier National Park w ith  sample locations.
A--A' lin e  o f cross section fo r Figure 2. Collection sites  
described in Appendix 8 .
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CHAPTER I I
FIELD RELATIONSHIPS OF THE PURCELL SILL
In tru s ive  Form
The Purcell S i l l  is  a sh eet-like  intrusion o f diabase with both 
lower and upper contacts mainly concordant with the Precambrian 
Siyeh Limestone. Major discordant breaks may be seen on the north 
side o f the Garden Wall east of Swift Current Pass and on the north
side o f Mt. Cleveland where i t  turns upward as a dike fo r approxi­
mately 170 meters (Daly, 1912). Minor ir re g u la r it ie s  are more numer­
ous a t the top than a t the base, generally occurring in the th icker 
sections, presumably near the loc i o f in je c tio n .
Thicknesses measured in  th is  study and those by previous authors 
are shown in Figure 2. Data on the granophyric zone from th is study 
is  also included. I t  is  evident th at the th ickest section is near 
Siyeh Pass, the s i l l  thinning evenly in  both a northwest and south­
west d ire c tio n . The data also suggest th at the diabase thins to 
the northeast and southwest and therefore varies ra d ia lly  about a 
point near Siyeh Pass. Granophyric m aterial correspondingly d im ini­
shes with the thickness o f the diabase except where abnormal th ic k ­
nesses have collected by up-dip m igration. This phenomenon is  most 
ea s ily  seen about one kilom eter from Logan Pass above the Highline
T r a i l .  Viewed toward the northeast, the s i l l  conforms to a stretched
Z pattern with roughly 7 meters of granophyre a t its  upper edge and 
only iso lated  xenoliths where i t  begins i ts  upward ris e  (see Figure 3).
Prominent dikes outcrop in a swarm between Rose Basin and Grin- 
n e ll G lacier on the north side o f the Garden W all. Dikes trend north-
4
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Table 1. Measured Sections o f the Purcell S il l
GRANOPHYRE
4.0  m
4.0  
3.5  
4.9
trace  
n.d. 
n.d. 
n.d. 
n.d. 
trace  
6.8 
n.d. 
trace
SECTION THICKNESS
Ahern Pass 26.8 m
Dawson Pass 26.8
F if ty  Mt. 19.8
Highline T ra il 28.6
Highway 2 9.2
Mt. Cleveland! 19.6
N.F. B elly  River^ 2 1 . 0
Oil Creek^ 15.2
Red Eagle Creek^ 27.4
Scalplock Mt. 9.2
Siyeh Pass 32.4
Upper K in tla  Lake^ 1 2 . 2
Yarrow Creek 1 0 . 0
! Data from Ross (1959).
2 Data from Daly (1912).
n .d . Not determined.
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west and dip steeply. Thinner associated dikes outcrop throughout 
the park but appear to be unimportant in the genesis of the s i l l .
Contacts
Upper and lower contacts of the s i l l  are remarkably sharp, 
and there is no h in t o f diabase aggression or assim ilation of the 
country rock, the Siyeh Limestone. In handspecimen the ch illed  
diabase is fin e  grained and black, o r, with greater deuteric a l te r ­
a tio n , dark gray-green. Margins and apophyses are lo c a lly  glassy 
and support randomly oriented phenocrysts o f tita n a u g ite . Grain 
size rap id ly  increases inward fo r 120 to 150 cm, where groundmass 
minerals are v is ib le . The diabase immediately adjacent to the lim e­
stone is  intensely fractured due to la te  readjustments during cooling.
The Siyeh Limestone is metamorphosed to marble and bleached 
white fo r 6  to 9 meters from the s i l l .  The fin e  structure o f s tro ­
m atolites and molar tooth fragments are preserved, although the rock 
is  completely re c ry s ta llize d . No mineralogical changes are associa­
ted with th is  process and the rock remains a combination of c a lc ite  
and quartz. Contact metamorphism is  lo c a lly  variab le  in extent but 
less where the s i l l  is  th inner.
The Siyeh Limestone has not undergone deformation from the in tru ­
sion of the s i l l .  This is  in marked contrast to the highly d istorted  
country rock a t the Cracker Lake and Otokomi Lake dike exposures.
Here the Grinnell a r g i l l i t e s  are metamorphosed and folded fo r up to 
6  meters from the contacts. Both dikes are considered feeders to 
the s i l l .
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Jointing
Columnar jo in tin g  occurs a t a l l  levels of the s i l l  but is c las­
s ic a lly  developed a t the contacts where cross sections measure 30 to 
60 cm in diameter. Cross jo in ts  are su b para lle l, well defined, and 
randomly spaced.
An obvious deflection  in th is  frac tu re  pattern occurs a t the 
juncture between the columnar jo in ts  of the upper diabase and the 
granophyre. Joints in the upper diabase are sharp and regular whereas 
those o f the granophyre are e ith e r highly irreg u lar or completely 
absent. In many cases, i t  is  possible to fo llow  th is  change in 
an individual column which is d is tin c t in the diabase but curves 
and becomes less defined upon entering the granophyre. Spry (1961) 
suggests that th is  d ifference in jo in t  patterns is  a resu lt of d i f ­
fe re n tia l cooling. As discussed in chapter V I I ,  the granophyre 
i was probably the la s t section o f the s i l l  to consolidate.
Late Veins
Joints are commonly f i l le d  with a residual material composed of 
rad ia tin g  epidote with minor diopsidic pyroxene and quartz. The 
la rg e st o f these veins observed measured 3 cm in w idth, but the 
m ajority  are on the order 5 mm. They ty p ic a lly  extend the length 
of the jo in t ,  up to 5 meters, or gradually th in  and disappear. The 
diabase adjacent to the vein is discolored w ith a greenish t in t  of 
saussuritized plagioclase, the thickness o f the a lte ra tio n  halo 
depending on th at o f the vein. Veins are concentrated in both upper 
and lower contact zones. Later readjustment o f jo in t  blocks has 
converted the epidote to a slickensided c h lo r ite .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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A rare second type of vein is  composed of pink a lk a li feldspar, 
quartz and epidote. Such d ike le ts  do not fo llow  preexisting fra c ­
tures but d r i f t  irre g u la r ly  throughout the diabase in sharp contact 
with the host rock. Their appearance reca lls  lenses of a lk a li fe ld ­
spar and quartz which are 'sweated out' o f high grade regional meta-
morphic rocks, and th e ir  o rig in  may be more akin to a la te  pegmatic 
d if fe re n t ia te  than an in jected  residuum.
Xenolith  D is trib u tio n  and the Granophyric Zone
The unique character o f the s i l l  appears to have resulted from
the assim ilation o f foreign m a teria l. Two types o f fragments domi­
nate: an a lb ite -a lk a l i  fe ldspar-quartz or q u a rtz ite  type, and a 
ca lc ite -e p id o te  or dolomite type, the fragments o f each occurring 
in nearly the same numbers. Micaceous inclusions are ra re , id e n ti­
f ie d  so le ly  in the dike a t Cracker Lake, and because of th e ir  
lesser numbers have not affected  the petrogenesis o f the s i l l .
Xenoliths are evident in a l l  outcrops. Sizes average less than 
2 0  cm and range from less than 2  cm to spherical masses with diame­
ters greater than 120 cm. The la rger o f these are o f the dolomite 
v a rie ty . Xenoliths are rendered doubly conspicuous by e ith er th e ir  
pink a lk a li  feldspar or green epidote color against the dark diabase.
Dike exposures afford  the p o s s ib ility  o f establishing the genetic 
sequence o f progressive ass im ila tio n . At Otokomi Lake, where only 
dolomite xenoliths are present, three stages of development are 
apparent (Figure 3 ). The primary, or stage I inclusion, has a core 
o f c ry s ta llin e  c a lc ite  or o f massive quartz surrounded by splayed 
and embayed epidote. Stage I I  is  exem plified by cores o f massive
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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if
0i
CALCITE
\
a
Actual Size
grossularlte
epidote
Figure 4a. Handspecimen sketch o f stage I dolomite xenolith  
enclosed in diabase.
Figure 4b.
Ê ft .
Actual Size
-hornblende
epidote
matrix
Handspecimen sketch o f stage I I  dolomite xenolith  
enclosed in diabase. The density o f hornblende 
crysta ls  increases toward the margins.
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hornblende
pyroxene core 
epidote
titanomagnetite
1 mm
Figure 4c. Thin-section sketch o f stage I I  dolomite xeno lith . 
Hornblende contains cores o f ca lc ic  pyroxene in a 
m atrix o f epidote. Retrograde rims of pale trem? 
o l i t e  surround hornblende. Clear areas epidote m atrix.
3 mm
titanomagnetite
c h lo rite
micropegmatite; quartz 
c le a r, a lk a li feldspar 
stippled
saussuritized p lagio­
clase
hornblende
Figure 4d North-south contact between stage I I I  dolomite xenolith  
and diabase. Plagioclase on r ig h t h a lf ,  epidote, on 
l e f t  h a lf ,  s e r ic ite  and clay m inerals.
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epidote grading outward into  epidote with fibrous amphibole that 
increases in amount toward d is tin c t contacts with the diabase. The 
rock is  commonly speckled white by a lk a li  feldspar and quartz. In 
th in  section epidote ty p ic a lly  forms small angular grains in imper­
fe c t rad ia ting  patterns and abuts euhedral hornblende up to 2  mm in 
length (Figure 3c ). Hornblende grains exh ib it retrograde zones 
which become wider and more numerous toward the edge of the xeno­
l i t h .  Hornblendes, especia lly  those in the center of the xen o lith , 
have cores o f diopside, (2Vz = 5 9 °). A lka li feldspar and quartz are 
in graphic intergrowths and opaques are irre g u la r ly  shaped and scat­
tered throughout the rock. Modal analysis (1000 grains) on an 
a lk a li  feldspar and quartz free  rock gave 62% epidote, 27% horn­
blende, 9% pyroxene, and 2% opaques. The most advanced stage. I I I ,  
is  c h a rac te ris tic  o f those xenoliths found w ithin the s i l l .  They 
occur as spherical pod-like structures of granular epidote (a f te r  
plagioclase) and evenly d is tribu ted  amphibole w ith patches of pink 
a lk a li  feldspar and quartz. Many o f the textures associated with  
the adjacent diabase are evident w ith in  the xenolith  (Figure 3d).
The essential d ifference between the pod and the diabase is the 
greater hydrothermal a lte ra tio n  w ith in  the pod. A lte ra tion  is  mani­
fested as saussuritization  o f plagioclase laths by minutely in te r ­
locking grains o f epidote and by the conversion o f hornblende and 
pyroxenes to c h lo r ite . Modal analysis o f the inclusion gives 55% 
plagioclase (now ep idote); 20% micropegmatite; 19% hornblende, pyro­
xene and c h lo r ite ; and 6 % Fe-Ti oxides. The adjacent 5 cm o f diabase 
is  s im ilar with 53% plagioclase; 14% micropegmatite; 26% hornblende, 
pyroxene, and c h lo r ite ; and 7% Fe-Ti oxides. I f  th is  contaminated
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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diabase is  compared to the normal diabase (Table 4a» 4b) i t  is  ev i-  
 ̂ dent that the xenolith  has affected the diabase in such a way as to 
increase the plagioclase and a lk a li  fe ldspar-quartz content and to 
decrease the ferromagnesian m inerals. Likewise, when stage I  or I I  
xenoliths are compared to the stage I I I  type, gross changes in com­
position are indicated. I t  is believed that large scale exchanges 
between dolomite xenoliths and diabase are a contro lling  factor in 
the petrogenesis o f the s i l l .  This concept is fu rther developed in 
chapter V I.
Progressive modifications in the quartz ite  xenoliths are less 
c e rta in . Two types occur in the Cracker Lake d ike, between which 
there is  a continuum of composition. Gray inclusions are composed 
o f a lb ite  and quartz, and pink inclusions of a lb ite ,  a lk a li feldspar 
and quartz. Both contain variab le  amounts o f in te r s t i t ia l  c a lc ite  
and pseudomorphs o f pyroxene a ltered  to epidote and c h lo r ite . The 
inclusions have been re c ry s ta llize d  as attested by th e ir  sutured grain  
boundaries (Figure 5 ). The composition of these xenoliths suggests 
a limey sandstone as a parent. Since extensive units o f quartz ite  
composition are not exposed in the sections o f the Belt Supergroup in 
th is  area, i t  is  presumed that these represent e ith e r basement rocks, 
or unexposed units below the Altyn or Waterton Formations.
Q uartzite xenoliths show l i t t l e  tendency toward disequilibrium  
w ith in  the magma and only in rare cases have margins o f glass or 
reaction rims of pyroxene developed adjacent to the xeno lith . D if­
fusion bands, however, are common and demonstrate exchange between 
diabase and inclusion. In these halos the outer edge o f the xenolith  
is  ty p ic a lly  discolored green by the a lte ra tio n  products o f epidote
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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1 mm
Figure 5. Sutured grain boundaries in  a q u a rtz -a lb ite  
xeno lith . Quartz c lear; a lb ite  stippled . 
Clear area s im ila r.
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and c h lo r ite  whereas the diabase is mottled by quartz and pink a lk a li 
fe ldspar which continues outward fo r 5 cm or more before grading into  
normal diabase.
I t  is  not possible to trace the behavior o f these xenoliths as 
in  the case o f the dolomite type, as intermediate products are absent 
from the lower diabase of the s i l l .  They are subsequently encoun­
tered in the granophyric zone, and a t th is  level they no longer reta in  
ch aracteris tics  that may be a ttr ib u ted  simply to quartzite-diabase  
in te ra c tio n . A description o f the rock is  given in the next chapter.
Xenoliths are v ir tu a lly  absent from the c h ill  margins and scarce 
in the lower diabase which makes up the bulk o f the s i l l  (Figure 6 ) .  
Epidote pods occur in the lower 3 to 5 meters but are prominent only 
1 to 3 meters below the granophyre. Along a traverse upward toward 
the base o f th is  hybrid zone, q u a rtz ite  xenoliths appear and both 
gradually become more abundant to a point about 1 meter below i t .
The xenolith  population increases abruptly w ith in  th is  1 meter in te r ­
val and terminates in  a homogeneous granophyric horizon.
The granophyric zone i t s e l f  is a conglomeration o f xenoliths, and 
is  not a true granophyre in the sense of a product o f a d iffe ren tia te d  
magma. This is not obvious in  i ts  lowermost portions where individual 
inclusions lack boundaries and blend together. The rock is a hybrid 
o f xenoliths and diabase with pink and green patches, long fibrous  
amphiboles, stubby pyroxenes and stout plagioclase la th s . There are 
numerous m ia ro lit ic  c a v itie s . In the upper portions th is  homogeneity 
is  not as pronounced and large block or combinations o f inclusions 
are separated by pink speckled diabase s im ilar' to that found surround­
ing iso lated xenoliths. The granophyre gradually gives way upward to
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diabase through a d iffu se  tra n s itio n  zone.
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Sample # and 
elevation/m
32.4 
S-37 32.0
S-35 26.5
S-34 23.5
S-32 19.8
O  O
Q
<7
T— Upper C h ill Zone 
 ̂ I— Upper Diabase
— Percolation Zone 
— (Transition Zone)
Granophyric Zone 
— Transition Zone
S o lid ific a tio n  
Time. Case = yrs
8.7
Dolomite 
Xenolith
S-31 1 3 .7 -
S-30 7 . 6 -
S-29 3 .0
S-28 0 . 6 -  
0
9.5
5.2
2.1
Lower C h ill Zone
Figure 6 . Columnar section of the Purcell S i l l ,  a t Siyeh Pass. 
See Appendix A fo r Cooling H istory.
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CHAPTER I I I  
PETROGRAPHY
The petrography of the Purcell S i l l  is  conveniently discussed 
by consideration o f three gradational rock types. From the base up­
ward these are termed the ch ille d  diabase, the lower diabase, and 
the granophyre. Their d is trib u tio n  is  depicted in Figure 6 . The 
lower diabase comprises the bulk o f the s i l l  followed in amount by 
the granophyre, and then the c h ille d  diabase.
Ch ille d  Diabase
The c h il l  zone extends about 120 cm from e ith er top or bottom 
contact. Inward of 120 cm, grain size rap id ly  increases and crystal 
habits and mineralogy become typ ical o f the lower diabase. Average 
th in  section length o f the opaques shows the greatest measure for 
comparison w ith .05 mm in th is  zone compared to .18 mm in the overly­
ing diabase. There are no d ifferences petrographically or chemically 
between samples from e ith er margin.
Samples w ith in  the c h ill  zone show extensive deuteric a lte ra tio n . 
Plagioclase is  la rge ly  altered  to s e r ic ite  or fuzzy k a o lin ite , so much 
so th a t ind ividual grain boundaries are generally no longer evident. 
Titanaugites are corroded with rims o f brown hornblende, which in more 
advanced stages, have gone over to in d is tin c t b io t ite  or a brownish 
green, poorly c ry s ta llin e  c h lo r ite . Opaque needles are converted to 
leucoxene.
T itanaug ite  phenocrysts ty p ic a lly  show hour-glass zoning with  
superimposed concentric zoning o f a lte rn a tin g  brown (27^ = 58°) and 
and c le a r (2%  ̂ = 42°) zones. Cores are c h a ra c te r is tic a lly  brown.
19
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Phenrocrysts tend to form glomeroporphyritic aggregates o f three or 
more c ry s ta ls , many o f which are fractured or chipped into irre g u lar  
grains exh ib iting  undulose extinction . Pyroxenes in the groundmass 
are generally  anhedral in aggregates o f up to 1 0 0  or more grains a l ­
though euhedral edges are lo c a lly  developed. Much o f th is  groundmass 
pyroxene is  a ltered  or replaced by hornblende. The hornblende com­
monly occurs as in d is tin c t brownish green crysta ls  w ith no apparent 
cleavage and irre g u la r ly  rims or has completely replaced both pheno­
crysts and groundmass crys ta ls . A primary, rich  dark brown horn­
blende with perfect cleavage and subhedral habit also mantles and 
p a r t ia l ly  resorbs pyroxenes, or occurs as independent grains. Rim­
ming the brown hornblende is  a green phase th a t shows w ell-defined  
cleavage and euhedral edges and is  thought to have c ry s ta llize d  
d ire c t ly  from the m elt.
Titanomagnetite is  uniformly dispersed in skeletal shapes com­
posed o f minute euhedral tra in s  o f cubes or as single octahedra.
Other minerals are ra re ; o f these in te r s t i t ia l  intergrowth of 
anhedral a lk a li feldspar and quartz are the most common. They ty p i­
c a lly  occur together in patches although a lk a li  feldspar may occur 
as independent grains. A few grains o f anhedral epidote and c a lc ite  
have c ry s ta llize d  along with th is  in te r s t i t ia l  m ateria l.
Diabase
The diabase displays subophitic to o ph itic  textures instead of 
the h o lo c ry s ta llin e , in tergranular nature o f the margins. A ll 
groundmass minerals are coarser, with the maximum reached near the 
15 meter level in  the Siyeh Pass section. Orthopyroxene is an excep­
tion  and is  discussed in Chapter V.
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A lte ra tio n  is less extreme than in the c h ill  zone, although i t  
remains most obvious. Plagioclase is  converted to s e r ic ite , chalky 
combinations o f clay minerals or ra re ly  granular epidote. Outlines 
may remain, revealing tabular c rys ta ls . Edges subject to residual 
flu id s  were resorbed and c ry s ta llize d  to a lk a li feldspar especially  
toward the top o f the u n it. Pyroxenes are randomly altered  to chlor­
i t e ,  e ith e r p a r t ia l ly  or wholly. Their aggregate habit is maintained 
in  a l l  reaches o f the lower diabase. Clinopyroxene and Te-Fi oxides 
are intergrown and resemble the subophitic fab ric  o f plagioclase and 
pyroxene. In many cases the grains o f titanom agnetite exsolved c riss ­
cross ilm enite  which in turn was replaced by leuxocene. A lka li fe ld ­
spar is  turb id  and in graphic intergrowths with quartz. Figure 7 is  
a representative th in -section  sketch o f the textures in the diabase.
The above re la tio n s  provide the basis fo r the order o f c ry s ta l­
l iz a t io n  o f the major m inerals. Plagioclase and clinopyroxene must 
have c ry s ta lliz e d  e u te c tic a lly  followed closely and in part by opa­
ques. Primary hornblende formed a fte r  the clinopyroxene had ceased 
to c ry s ta ll iz e  and was in turn rimmed with primary green hornblende. 
B io tite  in the upper sections maintains an equivalent position to the 
brown hornblende. A lka li feldspar and quartz, along with epidote and 
c a lc ite  c ry s ta lliz e d  in the in te r s t i t ia l  s ite s .
Although textures are s im ila r throughout th is  zone, there are 
s ig n ific a n t modal varia tions (Figure 11, Table 4a, 4b). The bronzite  
shows the most change, increasing from 2  to almost 1 1  percent upwards. 
I t  occurs as euhedral blocky crystals  and commonly contains randomly 
oriented rounded blebs of groundmass pryoxenes. Textures such as in
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glomeroporphyritic 
clinopyroxene
ortho-
pyroxene
s e r ic it ic  
plagioclase  
(c le a r areas}
titanomagnetite
clinopyroxene 
phenocryst
hornblende
a lk a li feldspar 
and quartz; 
micropegmatite
1 rwn I
Figure 7 . Texture o f the diabase. Note glomeroporphyritic 
clinopyroxene, and development o f hornblende 
proximal to micropegmatite. Crystal outlines o f 
plagioclase are no longer v is ib le  because of 
turbid  a lte ra tio n .
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Figure 8 , where a clinopyroxene abuts an orthopyroxene with the inc lu ­
ded portion o f the clinopyroxene rounded but the excluded part euhedral, 
point to a p o ik il l  t ic  o rig in  fo r the clinopyroxene. I t  is thought 
th a t the included clinopyroxenes were inherited  from p o ik il l  t ic  o liv in e , 
the o liv in e  molecule reacting with free  quartz in  the magma to give 
orthopyroxene. Although the exact status o f the orthopyroxene in the 
c ry s ta lliz a t io n  order is  uncertain, i t  is  d e fin ite ly  la te r  than the 
clinopyroxene.
Granophyre
There is l i t t l e  pétrographie s im ila r ity  between the diabase and 
the granophyre. In the granophyre, coarse graphic texture dominates 
which has resulted from the increase in amount o f in te r s t i t ia l  a lk a li  
feldspar and quartz. Large tabular plagioclase is  corroded by a lk a li  
feldspar where adjacent to these areas. A sector-zoned clinopyroxene 
appears as a stable ferromagnesian phase in  place of the groundmass 
pyroxenes and orthopyroxenes typ ical o f the diabase. I t  no longer 
maintains its  eutectic  re lationsh ip  with plagioclase but occurs as 
stubby euhedral c rys ta ls . Remnant orthopyroxene is  ra re . Hornblende 
re ta ins its  character but forms la rg e r, more euhedral c rys ta ls .
Figure 8  is  representative of the granophyre fa b ric . Replacement 
textures are s im ilar to other portions o f the s i l l .  More c h lo r ite , 
secondary b io t ite  and hornblende is  associated with the breakdown of 
the primary ferromagnesian minerals but plagioclase is less a lte red .
C a lc ite  and epidote, two minor but petrogenically important phases, 
appear in a manner reminiscent o f the epidote xenoliths. C alc ite  is  
ir re g u la r ly  rounded and embayed by crudely ac icu lar epidote. They are 
c le a r ly  la te  and imbedded in a m atrix o f a lk a li  feldspar and quartz.
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Figure 8 . Orthopyroxene crystal with p o ik i l i t ic  clinopyroxene.
Portions o f clinopyroxene outside the orthopyroxene 
exh ib it euhedral forms.
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Hornblende
Sector-zoned
pyroxene
Plagioclase
Micropegmatite
Titanomagnetite
1 mm
Figure 9. Texture o f the granophyric zone. Hornblende p a r t ia lly  
rims and resorbs sector-zoned pyroxenes. The edges of 
plagioclase laths are resorbed by a lk a li feldspar. 
Clear area s im ila r.
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CHAPTER IV 
DESCRIPTIVE MINERALOGY
Plagioclase and pyroxenes are the main minerals in the Purcell 
S i l l ,  comprising close to 70% of the rock. Important minor constitu­
ents include a lk a li  fe ldspar, quartz, hornblende, and Fe-Ti opaque 
m inerals. B io tite  is  a minor accessory in the upper sections of the 
lower diabase whereas a p a tite , sphene, c a lc ite , and p yrite  occur a t  
a l l  le v e ls . Deuteric action has altered some mineral groups and 
therefore descriptions o f the resulting products are included. I t  is 
only by th e ir  recognition th a t the complete primary mineralogy can be 
deduced.
Plagioclase
Plagioclase is  intensely altered  throughout the s i l l .  In fa c t ,  
i ts  conversion to s e r ic ite  and submicroscopic clay minerals has in many 
cases proceeded so fa r  as to obscure textural re lationsh ips . Twinning, 
where present, appears ghost-like  beneath a cover o f secondary minerals. 
Cleavages are no longer v is ib le .
Several universal stage measurements by the method described by 
Slemmons (1962) were made cm the crysta ls  in order to  determine th e ir  
composition. Thin sections were investigated from the lower diabase a t 
Dawson Pass and Ahern Pass. A ll contained plagioclase of an average 
composition o f An^^. Hunt (1958) reports An^g as the most calcic compo­
s itio n  he observed fo r the s i l l  in th is  region. Ross (1959) however 
reports th a t the s i l l  plagioclase is zoned with a range in composition
o f An, a t the core to An«c a t the margins, and Daly (1912) mentions 
75 <-3
th at the s i l l  near Upper K in tla  Lake contains lab rad o rite . Labradorite
26
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is typ ical fo r  rocks o f diabase a f f in it ie s  and therefore is probably 
the composition o f the primary plagioclase in the Purcell S i l l .
Clinopyroxene
Clinopyroxene is present as phenocrysts and in the groundmass of 
the diabase. Phenocrysts have conspicuous hour-glass zoning upon 
which concentric zoning may be superimposed. Optic axial angle 
(2Vz = 5 9 *), strong dispersion, and the hour-glass zoning in fe r a 
t ita n ife rro u s  v a rie ty . Groundmass clinopyroxenes are generally sub­
hedral to euhedral w ith simple twinning common on (0 1 0 ) and parting  
along (100). Surface ir re g u la r it ie s  and a lte ra tio n  give a brownish 
tinge to the otherwise colorless grains. A ll groundmass pyroxenes show 
strong dispersion a t extinction  and are therefore probably tita n ife rro u s . 
Clinopyroxenes a l te r  to c h lo r ite  w ith minute granules o f sphene exsolved 
along in ternal fractures and the ( 1 0 0 ) parting.
Estimates o f chemical composition were obtained by re fra c tiv e  
index and optic  angle. Attempts a t separation proved f u t i le  because 
of irre g u la r a lte ra tio n  and replacement rims of hornblende. Data is 
plotted on the standard pyroxene diagram (Figure 11). The compositions 
l is te d  are only estimates, neglecting the effects of minor element sub­
s t itu t io n , espec ia lly  titan ium , however the trends are in te rn a lly  con­
s is ten t and d is tin c tiv e  and may therefore provide information on the 
petrogenesis o f the s i l l .
C ry s ta lliza tio n  o f the Ca-rich pyroxene, to a t least the 8  meter 
le v e l, follows a normal path fo r a lk a lin e  o liv in e  basalts in which Ca 
and Mg are progressively replaced by Fe (Wilkinson, 1956). At higher 
levels  the trend abruptly reverses with Mg increasing and substituting
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fo r Fe toward the top of the lower diabase. Approximately 7 mole %
Ca is  lo s t in th is  conversion, but fo r  the remaining 13 meters o f 
the lower diabase i t  is  esse n tia lly  constant.
Orthopyroxene
Orthopyroxene c ry s ta lliz e s  as re la t iv e ly  large 0.7 mm euhedral 
grains with weak pleochroism. Crystals are p o ik i l i t ic ,  enclosing small 
rounded groundmass titan au g ites . Compositional data from Siyeh Pass 
are p lo tted  in Figure 11. Optical properties vary w ith in  a given s lide  
or o il  mount. Samples below S-31, or a level o f 14 meters, are com­
p le te ly  a ltered  to c h lo r ite  and ta lc , precluding compositional deter­
minations.
Data from S-31 and S-32 demonstrate a s im ila r reversal from normal 
b asa ltic  c ry s ta lliz a t io n . Again, the more 'fra c tio n a ted ' orthopyroxene 
is  higher in  Mg and lower in Fe than its  predecessor.
0 1 iv ine
O liv in e  pseudomorphs were id e n tifie d  in the c h ill  margin o f the Oto- 
komi Lake dike and in the diabase o f the Dawson Pass and Highline T ra il 
sections. The o liv in e  occurs as subrounded grains altered  to a drab 
o liv e  brown product surrounded by a fr in g e  o f magnetite granules which 
in turn is  mantled by c h lo r ite . The c h lo r ite  represents an orthopyrox­
ene which formed by a reaction such as:
SiOg + MggSiO^ 2MgSi03.
In some cases bronzite psuedomorphs contain cores of in d is tin c t c h lo rite  
(?) not in optical continu ity  with the surrounding c h lo rite . These are 
believed to be remnant and non-resorbed o liv in e .
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I t  is  d i f f ic u l t  to estimate the amount o f o liv in e  that was present 
in the uncontaminated magma. Hunt states (1958, 1961) th at 2% of the 
s i l l  near Logan Pass is  composed o f pseudomorphs a fte r  o liv in e . I  
examined s im ila r specimens but cannot confirm his id e n tif ic a tio n . 
Assim ilation o f q u a rtz ite  apparently preceded in jec tion  since o liv in e  
is  as sporadic in  the c h ill  margins as i t  is  in the remainder of the 
diabase.
Hornblende
Hornblende occurs as a primary and a secondary m ineral. Primary 
hornblende is  brown and pleochroic with y, bronze brown >3 , pale 
brown >a, pale yellow . I t  is  c h a ra c te ris tic a lly  subhedral but euhedral 
faces may develop where i t  abuts micropegmatite. Crystal size is  re la ­
t iv e ly  la rg e , ranging up to 1.3 mm. A second varie ty  of primary horn­
blende is  green with a pleochroic scheme of y , o live  green >3 , l ig h t  
green >«, pale green, and reg u larly  mantles the brown form. These 
outer zones become wider in the upper portions of the diabase.
No data were determined on hornblende. Hunt (1961) reports optical 
measurements on the brown v a rie ty  as x = 1.660, y = 1.674, and z = 1.677 
with a 2Vĵ  = 50® and a CaZ o f 15®, and fo r the green v a rie ty  as x = 
1.656, y = 1.668, and z = 1.674 w ith a 2V  ̂ = 70® and a CAZ o f 14® on a 
sample from the base o f the s i l l  near Logan Pass.
Secondary hornblende a fte r  pyroxene and primary hornblende are 
prominent in the c h ill  margins and lo c a lly  developed in the lower parts 
of the diabase where v o la tile s  apparently were concentrated. I t  is  pale 
green in co lo r, resembling u ra l i te .
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Opaque Minerals
The m ajority  o f the oxides are ilm enite and titanom agnetite.
In the la t t e r  exsolution and a lte ra tio n  of ilm enite to leucoxene pro­
duces a patchwork design on the grains. Common forms are needles at 
the margins and euhedral cubes, jagged skeletal rods and variable  
subhedra or anhedra in  the more slowly cooled portions. Interpene­
tra tio n  w ith clinopyroxenes suggest that the opaques c rys ta llize d  
early  and continuously.
A few small p y rite  cubes or anhedra are evenly dispersed through­
out the diabase. They are commonly altered  to hematite.
Micropegmatite
A lka li fe ldspar and quartz comprise a micrographie in te r s t i t ia l  
intergrowth throughout the s i l l .  Anhedral a lk a li feldspar or quartz 
occur ra re ly  as independent grains. In th in  section akalki feldspar 
is  recognized by a turbid a lte ra tio n  to clay m inerals, whereas adja­
cent quartz is  c le a r. In the granophyre and other sections o f the 
s i l l  affected by contamination, the a lk a li feldspar mantles p a r t ia lly  
resorbed p lagioclase, and in these cases is  pink in handspecimen be­
cause of exsolved Fe'*’  ̂ in the form of hematite (E rnst, 1960).
B io tite
Primary b io t ite  is  lim ited  to the upper sections o f the lower 
diabase. I t  is  euhedral to subhedral in habit with a pleochroic 
scheme of y» reddish brown >e, l ig h t  brown >a, yellow brown. I t  is 
concentrated in  the micropegmatite.
R efractive index, n^, on b io t ite  in samples S-31 and S-32 are 
1.648 and 1.647, respective ly , which corresponds to the approximate
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composition K(Mg  ̂ QjATSigO^QfOHig (Troger, 1971). The reddish 
color may imply a t ita n ife rro u s  v a rie ty .
Secondary b io t ite  is  common in the c h ill  zone and areas of exten­
sive a lte ra tio n .
Accessory M inerals, C h lo rite , Epidote. A p atite , and Sphene
C hlorite  is a wide spread a lte ra tio n  product that takes various 
forms depending upon the mineral i t  has replaced. Where i t  is a 
pseudomorph a fte r  clinopyroxene i t  forms d is tin c t crystals that en­
close exsolved granules o f sphene. Orthopyroxene a lte rs  to a dull 
green v a rie ty  or combinations o f c h lo r ite  and ta lc . Extensive deu­
te r ic  a lte ra tio n  of the ferromagnesians produces a poorly c ry s ta llin e  
m a t-lik e  c h lo r ite . The c h lo r ite  is  generally pleochroic green with  
an anomalous blue in terference co lor.
Epidote is recognized as a pleochroic yellow green mineral with  
high th ird  order birefringence which occurs in tabular subhedra or 
anhedra. I t  c ry s ta llize s  w ith in  the micropegmatite. In stage I I I  
pods, epidote has a granular habit in obvious replacement o f large 
plagioclase la ths.
A patite is  a minor accessory which forms slender needles. I t  is  
concentrated in quartz.
Sphene is a secondary mineral o f two o rig in s . In areas of intense 
a lte ra tio n  i t  is  a reaction product in the breakdown o f plagioclase and 
ilm e n ite , the la t te r  which i t  frin ges . I t  is  also an exsolution pro­
duct in the conversion of pyroxene to c h lo r ite  where i t  forms as minute 
blebs concentrated in fractures or along the ( 1 0 0 ) parting o f remnant 
pyroxene.
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CHAPTER V
VARIATION WITH HEIGHT IN THE INTRUSION
I t  is  in s tru c tive  to discuss the varia tio n  with height in  the s i l l  
under a single heading. These changes re su lt from the assim ilation  
and concomitant contamination o f the diabase by the above-mentioned 
types o f xenoliths. In some examples i t  is  possible to ascribe the 
va ria tio n  to a p artic u la r type o f inc lusion , but in others the mutual 
in te ractio n  o f dolomite, q u a rtz ite , and diabase preclude the id e n t i f i ­
cation of the reaction or process th a t has modified the diabase. In 
these cases only the in ferred  or probable influences are discussed.
The prime complicating fac to r appears to be the opposing processes of 
s ilic a t io n  and d e s ilic a tio n  by the q u a rtz ite  and dolomite xenoliths 
respective ly .
Grain Size
V ariation  in grain size fo r four mineral species from the Dawson 
Pass section are given in Figure 10 and Table 2 . Data were obtained by 
measuring the apparent maximum dimension o f individual crystals in th in  
section. Although the size measured by th is  method is  a minimum fo r  
the la rgest grain size ex is tin g  in  the rack, the re la tiv e  size d if fe r ­
ences, regardless of d i f f ic u l t ie s ,  probably hold.
Three contrasting behaviors are depicted in Figure 10. The opaques 
(excluding p y rite ) and groundmass pryoxenes rap id ly  increase in size  
from the lower c h ill  margin and th e re a fte r remain constant throughout 
the upper reaches o f the lower diabase. The amphibole s im ila rly  in ­
creases in size from the margin u n til a maximum is reached at approxi­
mately the 12 meter level in the s i l l .  Thereafter grain size decreases
32
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Table 2. Grain Size D is trib u tio n  in the Dawson Pass Section
Sample #
& elevation OPQ CL PYX HB OPX
S-46 19.2 m 0 . 2 0  mm 0.09 mm 0.50 mm 0.75
S-45 16.2 m 0 . 2 1 0.09 0.61 0 . 6 6
S-44 12.2 m 0 . 2 1 0.09 0.65
S-43 8 . 8  m 0.19 0 . 1 0 0.52 --------------
S-42 4 .6  m 0.18 0.09 0.44 ---------- —
S-41 0 .9  m 0.05 0.07 0.14 —  — — *
Probable
e rro r* 0 . 0 1 0 . 0 1 0.03 0.03
Abbreviations: OPQ, opaques; CL PYR, groundmass clinopyroxenes ;
HB, hornblende; OPX, orthopyroxene. *  as determined by duplicate  
analyses.
Base of granophyre a t 19.8 m.
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Figure 10. Grain size variations in the Dawson Pass section. Graph is 
based on the average of 400 measurements fo r clinopyroxenes 
and opaques and 2 0 0  fo r hornblende and orthopryoxene.
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toward the granophyre. The lim ited  data fo r orthopyroxene indicates  
a continuous increase in grain size up to the diabase-granophyre 
jun ctio n .
The dimensions o f a given crystal are a function o f a number of 
fac to rs . Among them are the ra te  of nucléation and c ry s ta lliz a tio n ,  
the ava ilab le  tim e, presence of v o la t ile  medium fo r  d iffu s ion , and 
a v a ila b il i ty  o f essential ionic constituents. However, the three 
behavior patterns are compatible with a simple model.
I t  is believed th a t in the Purcell S i l l  the time availab le fo r  
c ry s ta lliz a tio n  was the dominant factor in co n tro lling  grain growth. 
Factors which acted to reduce the time o f c ry s ta lliz a tio n  o f the d ia ­
base lim ited  the grain size o f the minerals. As shown in Chapter V I, 
reactions involving the dolomite xenoliths release COg* and presumably 
most o f th is  v o la t i le  was liberated  in the upper reaches of the lower 
diabase. The addition o f COg to a hydrous magma increases the pCOg 
which in turn raises the solidus temperature o f the mineral phases 
(W y llie  and T u tt le , 1959; M illh o lle n , 1971). This serves to abruptly  
l im it  the time fo r c ry s ta lliz a t io n , and in the case o f hornblende, 
re s tr ic ts  i ts  grain s ize . The lack o f size change fo r the Fe-Ti oxides 
and clinopyroxene may also re f le c t  th is  influence. This proposal is  
supported by the larger range in  crystal sizes in  samples from the 16.2 
and 19.2 meter le v e l, and the d is tin c t bimodal d is trib u tio n  of horn­
blende a t the 16.2 le v e l.
Cooling downward from the upper contact is  an equally plausible  
explanation fo r the grain size d is tr ib u tio n . S o lid ific a tio n  should pro­
ceed a t an approximately equal rate  from e ith e r  contact, and therefore  
the maximum grain size is  expected near the median plane o f the s i l l .
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The s i l l  a t Dawson Pass is 27 m th ic k , and as depicted in Figure 10, 
the maximum grain size occurs near the 14 meter le v e l. I t  is  probable 
that both the in flu x  of COg and the configuration o f the s i l l  have in ­
fluenced the grain size pattern .
The v a ria tio n  in orthopyroxene is  unlike the above minerals a l ­
though its  c ry s ta lliz a t io n  was influenced by s im ila r conditions. How­
ever, orthopyroxene results from the contamination o f diabase by quart­
z ite  xenoliths. The increase in size (and modal amount) o f orthopyro­
xene implies th a t the reaction had not proceeded to completion as a 
constant or maximum size was not obtained as in the other minerals.
This suggests th a t the magma was not in equilibrium  with respect to 
the in flu x  o f SiOg from the q u a rtz ite  xenoliths.
Density
Values fo r  rock density fo r the Siyeh Pass section are given in 
Table 3 . They represent the average o f two t r ia ls  on each o f two or 
three 400 g fractions from a given specimen. Although the measure­
ments are accurate to the th ird  decimal point, two are lis te d  because 
of the compositional varia tions inherent in the inhomogeneous grano­
phyre frac tio n s .
Rock densities are commonly correlated with broad chemical and 
m ineralogical changes (Jaeger, 1964). For th is  reason the modes of 
hornblende and c h lo r ite , minerals that are ind ica tive  o f hydrous con­
d ition s  and/or deuteric a lte ra t io n , are included in Table 3, I t  
appears th a t in the diabase, va ria tio n  in rock density may be in te rp re ­
ted p rim arily  as d ifferences in the degree of a lte ra tio n . This a l te r ­
ation is less pronounced in the upper portions o f the diabase and, as
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Table 3. Density V aria tion  and Modal Hornblende and Chlorite in
the Siyeh Pass Section.
Sample #
Granophyre boundaries a t 20.2 m and 27.0 m. 
See Figure 6  fo r  sample locations.
& Elevation Density C hlorite Hornblende
S-37 32.0 m 3.01 1.7 18.2
S-36 31.7 m 2.90 6.3 14.9
S-35 26.5 m 2.87 8 . 8 5.4
S-34 23.5 m 2.92 8 .5 4.9
S-32 19.8 m 3.08 0.7 5.3
S-31 13.7 m 3.05 0 . 6 6.4
S-30 7.6 m 2.97 7.3 5.5
S-29 3.0 m 2.98 5.0 16.1
S-28 0 . 6 m 3.00 5.4 13.4
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described above, is  a ttr ib u ted  to the depression o f aHgO in the liqu id  
phase as a re s u lt o f increasing aCOg.
The density o f the granophyre provides insight into the propor­
tions o f xenoliths and diabase that were hybridized to form the zone. 
The density o f q u a rtz ite  xenoliths averages 2.61 and that o f stage I I  
dolomite xenoliths is  3 .30 , whereas the density o f the granophyre is 
about 2 .90. However, the a lte ra tio n -fre e  and m ia ro lit ic -fre e  density 
o f the granophyre must be closer to 3 .00. Although th is  estimate is 
crude, i t  appears that the granophyre is  composed of subequal amounts 
of q u a rtz ite  and dolomite xenoliths and, from pétrographie and chemical 
evidence, diabase.
Modal Composition
Modal analyses fo r the Siyeh Pass section are given in Figure 11 
and Table 4a, and fo r comparison, those from the Ahern Pass section are 
presented in Table 4b. The Dawson Pass and Highline T ra il sections 
e x h ib it s im ila r modal varia tio ns . Clinopyroxene and hornblende exh ib it 
an a n tith e tic  re la tio n  and therefore th e ir  sum is  plotted in the graph. 
The data has been interpolated a t the diabase-granophyre boundaries to 
express the rapid change in rock types.
Discussion o f modal variations may be considered in two parts; 
those th a t occur in  the lower diabase and those th at occur in the 
tra n s itio n  between diabase and granophyre.
In te rp re ta tio n  o f the modal varia tions in the lower diabase is 
complicated by the necessity to d istinguish between the contributions  
from the d iffe re n tia t io n  of the primary magma and th at from contamina­
t io n . I f  contamination is  important in the variations the in te rp re ta -
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Table 4a. Modal Mineralogy of the Siyeh Pass Section.
Sample #
& Elevation FLAG ALK PS QTZ PYXpH OPX HB BIO OPQ CHL CHLpYx EPI APT SPH
S-37 32.0 m 35.5 (5.4)1 (25,.4)2 1.2 18.2 10.7 1.7 --------- 1.2 —  -  - 0.6
S-36 31.7 m 44.2 (15.8) (7. 7)3 ------ --- --- 14.9 8.8 2.0 4.3 0.9 0.6 0.8
S-35 26.5 m 41.0 (18.4) (16, 3)3 5.4 -  -  - 7.3 1.4 7.4 0.9 0.8 0.4
S-34 23.5 m 43.8 (16.6) (15,,1)3 - - - - - - - - - ---- 4.9 8.0 2.3 6.2 0.7 0.9 0.8
S-32 19,8 m 33.4 (7.2) 2.0 30.0 10.6 5.3 2.6 7.8 0.7 —  —  — —  —  — 0.2 0.2
S-31 13.7 m 34.1 (7.4) 2.1 31.4 7.4 6.4 3.7 6.3 0.6 — —  — — 0.2 0.4
S-30 7.6 m 35.5 (6.8) 2.9 29.3 5.2 5.5 —  —  — 6.2 1.2 6.1 -  “ 0.6 0.7
S-29 3.0 m 35.1 (8.1) 2.8 21.0 3.4 16.1 —  — — 6.2 1.4 3.6 0.9 0.1 1.3
S-28 0.6 m 38.8 (5.8) (25 .0)2 1.8 13.4 — 8.3 1.3 3.1 1.8 0.7
Ca )
CO
5. Abbreviations: FLAG, plagioclase; ALK FP, a lka li feldspar; QTZ, quartz; PYXp̂ , clinopyroxene phenocrysts;
% PYXgR, groundmass clinopyroxene; OPX, orthopyroxene; HB, hornblende; BIO, b io tite ; OPQ, opaques; CHL, chlor-
I  ite ;  CHLpYx* ch lo rite  pseudomorphs a fte r pyroxene; EPI, epidote; APT, apatite; SPH, sphene.
1. Micropegmatite as a lka li feldspar plus quartz.
2. Total clinopyroxene.
3. Sector-zoned clinopyroxene.
Approximately 1200 counts were made on each 6 sq. cm. thin section. Repeat analyses indicate a precision 
of 1 to 2% fo r the major rock forming minerals.
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Table 4b. Modal Mineralogy of the Ahern Pass Section
Sample #
& Elevation FLAG ALK FS m . PYXpH OPX HB BIO OPi CHL CHLpYx EPI APT SPH
S-72 21.3 m 35.5 15.6 8.9 (15.1)3 -  —  ^ 1.2 —  ~ 8.4 1.9 6.7 6.0 1.2
S-71 19.8 m 36.7 15.3 8.9 (14.8)3 1.1 1.1 —  —  — 9.8 2.6 5.7 3.5 0.5
S-69 15.2 m 26.0 5.8 5.4 2.0 34.5 8.8 7.1 3.3 5.2 0.9 0.4 0.3 0.3
S-68 11.6 m 33.6 3.4 3.2 1.2 34.2 8.2 2.2 — 7.9 1.3 4.1 0.1 0.2 0.4
S-67 7.6 m 30.3 5.3 4.3 3.8 25.9 4.2 11.9 - - - 7.3 0.9 5.0 0.7 0.4 -  -  -
S-66 4.3 m 29.0 6.9 6.5 2.4 22.0 3.2 12.3 “  "  " 7.1 1.5 6.2 1.7 0.4 0.8
S-65 0.9 m 34.4 5.3 2.6 (26.3)2 0.7 18.1 B  B  B 6.1 0.7 3.6 0.7 0.4 1.1
Abbreviations: as in Table 4a
2. Total clinopyroxene
3. Sector-zoned pyroxene
Base o f granophyric zone at 18.6 m, samples S-71 and S-72 from granophyre.
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Figure I I .  Modal mineralogy o f the Siyeh Pass section. About
1200 counts on each 6  sq. cm. th in  section. Accuracy 
1 - 2 % as determined by duplicate analyses.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
42
tion  is  fu rth e r complicated by the opposing influences of the two 
types of xenoliths and the in flu x  or egress o f elements fron the melt 
when released or incorporated by the inclusions. The orthopyroxene 
trend has been discussed above and i t  was concluded that its  appearance 
and modal increase may be a ttrib u ted  to the addition of s ilic a  to the 
magma by the assim ilation o f q uartz ite  xenoliths. I t  is also thought 
th a t the va ria tio n  in  the other minerals was controlled by contamina­
tio n . The short time fo r consolidation favors this conclusion (see 
Appendix, Cooling H istory) and fo r most parts severely lim its  magma 
d if fe re n t ia t io n . However, i t  does not exclude the p oss ib ility  of normal 
d iffe re n tia tio n  being swamped by contamination. The fluctuation of 
micropegmatite in the diabase is  consistent with the view of control of 
the modal p ro file  by contamination, as quartz and a lk a li feldspar have 
been withdrawn across the q u a rtz ite  xenolith  boundary and enriched in 
the diabase. Furthermore, re la t iv e ly  greater or lesser amounts, as in 
samples S-69 and S- 6 8  from Ahern Pass, are co rre la tive  with variations  
in  plagioclase content. The d ifference in these rocks results from 
the resorption o f plagioclase by a lk a li feldspar as in S-69. This is  
d ire c tly  re lated  to q u a rtz ite  assim ilation .
Noteworthy is  a perceptible upward decrease in  the plagioclase mode 
in the lower diabase in  a l l  the investigated sections (Siyeh Pass,
Dawson Pass, Ahern Pass, Highline T r a i l ,  and Yarrow Creek). This is 
most obvious in the d ifference between samples from the c h ill zone and 
those immediately overlying i t .  Other minerals also show th is type of 
v a ria tio n . The modal changes between the c h ill  zone and adjacent d ia ­
base ind icate immediate modifications in the environment of c r y s ta l l i ­
zation from the intruded magma to the 'd if fe re n tia te d ' magma.
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The pyroxene-hornblende curve (Figure n )  is quite constant i f  this 
marginal change is  neglected. However, i f  the components are inspected 
independently, i t  is  apparent that they vary a n t ith e t ic a lly , with pyro­
xene increasing a t the expense of hornblende in the less altered upper 
regions. The increase in  the partia l pressure of CO2 , thus reducing 
the re la t iv e  p a rtia l pressure o f H2 O and promoting c ry s ta lliza tio n  has 
been forwarded to explain the reduction of grain size . I t  is probable 
th at th is  is  also responsible fo r the inh ib itio n  o f hornblende crysta l­
l iz a t io n  in th at the displacement of H2 O from the liq u id  favors the fo r­
mation o f the non-hydrous phase. Although b io t ite  begins to c ry s ta llize  
in these upper regions the gross decrease in hornblende and ch lo rite  
more than compensate fo r the molecular water in b io t ite .
The abrupt modal variations encountered at the diabase-granophyre 
tra n s itio n  r e f le c t  the d is s im ila r origins o f the rocks. I t  follows 
that with the addition o f quartz ite  xenoliths the amount of micropeg­
m atite residuum increases in the granophyre, and with additions of 
epidote (Ca, A1) from dolomite xenoliths and free  quartz from the 
q u a rtz ite  (or siliceous dolom ite), plagioclase also increases. The 
pyroxene content of the granophyre is much less than that of the diabase 
simply because the xenoliths contain l i t t l e  o f the pyroxene molecule.
The modal d is tr ib u tio n  o f the other minerals may be s im ila rly  explained 
by a comparison with the composition o f the xenoliths.
Clinopyroxene and Orthopyroxene
O p tica lly  determined compositions of clinopyroxene and orthopyro­
xene are lis te d  in Table 5 and plotted in Figure 12. The compositions 
are approximate, as the e ffects  o f Ti and A1 substitution are unpre-
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Table 5. Composition of Clinopyroxene and Orthopyroxene
Clinopyroxene
Sample #
& Elevation
Optic axial 
angle 2 V̂
Refractive  
Index 3 Composition
S-28 0.6 m 59" 1.693 C3 4 9 M9 3 6 FG1 5
S-29 3 .0 m 57" 1.696 Cs^yNgggFe^g
S-30 7.6 m 56" 1.701 46*̂ 931*"® 23
S-31 13.7 m 46" 1.698 Ca3gM93gFe23
S-32 19.8 m 45" 1.693 €3 3 8 ^9 4 2 ^ ^ 2 0
Orthopyroxene
Optic axial 
angle 2 V̂
Refractive  
Index Y Composition
S-31 13.7 m 66.5" 1.700 C*4"97lF*25
S-32 19.8 m 71.4" 1.696 Ca4Mg76F62o
Data represent the average of six or more determinations of 
optica l axial angles and four determinations o f re fra c tive  index 
on each sample. Orthopyroxene compositions were cross checked 
by 3  re fra c tiv e  index.
See. Figure € fo r sample locations.
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Figure 12. Variation in pyroxene composition in the Siyeh Pass section.
Arrows define 'd iffe re n tia tio n ' trend. Trend dashed where uncertain,
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d ic tab le  (W ilkinson, 1956, 1957). These effects may be complex be­
cause o f varia tions induced by contamination (Le Bas, 1962), Until 
more exact chemical analyses are ava ilab le , the following discussion 
is  tenuous.
Samples S-28, S-29, and S-30 describe a d iffe re n tia tio n  trend 
typ ical o f a lk a lin e  o liv in e  basalts (Wilkinson, 1956) in that the 
c ry s ta lliz a t io n  path roughly p ara lle ls  the diopside-hedenbergite jo in  
with minor substitu tion  o f Fe fo r Mg and Ca. The extensive composi­
tiona l changes from S-28 to S-30 which is not found in the clinopyrox- 
enes of a lk a lin e  o liv in e  basalts (Murray, 1954; Wilkinson, 1956, 1957) 
may re f le c t  the onset o f contamination.
The clinopyroxene curve abruptly reverses d irection  between the 8  
and 13 meter levels o f the Siyeh Pass section. Mg apparently begins 
to substitu te  fo r Fe a f te r  a 7 mol% loss of Ca. Data from the two sam­
ples with unaltered orthopyroxene also display a trend toward Mg. I t  
is  believed that the Mg enrichment is re a l, as both pyroxenes follow  a 
s im ila r course and the in te rp re ta tio n  o f orthopyroxene composition from 
optical data is  not complicated by variable s ite  occupancies as is the 
clinopyroxenes. With respect to the Ca loss. Deer, Howie, and Zussman 
(1963) report th at proxying o f Al"*”̂ , T i*^ , or Fe*^ in tetrahedral 
coordination increases the optic  ax ia l angle and decreases the 6 
re fra c tiv e  index, whereas i f  in octahedral coordination, the optic  
axial angle decreases and the 6  re fra c tiv e  index increases. The Pur­
c e ll S i l l  trend is  marked by a decrease in both the optic axial angle 
and 6  re fra c tiv e  index and therefore may not be assigned to a simple 
monoelemental substitu tion  but does not negate the p o s s ib ility  o f a 
coupled substitu tion .
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The break in the pyroxene curve occurs at an equivalent level as 
the CO2  induced phenomena. However, a r is e  in the solidus of a mineral, 
a t a given temperature, c ry s ta lliz e s  lower temperature, more Fe-rich  
phases. The observed trend is  compatible with the known data i f  i t  is  
assumed th at c ry s ta lliz a t io n  o f the pyroxenes in S-31 and S-32 occurred 
a t higher or equivalent temperatures than S-29 and Sr30. This is  pos­
s ib le  i f  the pyroxenes had not begun to p rec ip ita te  before the appear­
ance of CO2 . The diabase was necessarily semi-liquid at th is  stage, 
as xenoliths migrated through i t  to c o lle c t as a granophyric layer.
An increase in pC0 2 :pH2 0  would induce c ry s ta lliza tio n  a t these higher 
temperatures.
A lte rn a tiv e ly , cooling inward from the upper contact would resu lt 
in the c ry s ta lliz a tio n  of higher temperature assemblages. S-32 would 
c ry s ta lliz e  before S-31, and therefore resu lt in a greater Mg:Fe in the 
pyroxenes. The cooling h istory o f the s i l l  (see Appendix) has been 
computed to re f le c t  th is  p o s s ib ility . I t  is thought that the introduc­
tion  of CO2  and the s o lid if ic a t io n  pattern were involved in these com­
positional va ria tio n s .
Wilkinson (1956) and T il le y  (1950) suggest that the d ifference  
between the pyroxene trend o f the a lk a lin e  o liv in e  basalts and that of 
the th o le i i t ic  basalts depends on the c ry s ta lliz a tio n  o f orthopyroxene. 
Orthopyroxene (or o liv in e  and S i0 2 ) reacts with the ca lc ic  pyroxene 
forming augite . In th is  sense, the trend described by samples S-31 
and S-32 may be correlated with that o f th o le i i t ic  basalts. The lag 
in the pyroxene composition to re f le c t  th is change may be possibly due 
in part to  a gradual increase in  aS i0 2  (Carmichael, Nicholls and Smith, 
1970) e ith e r from the ever-increasing assim ilation o f S i0 2  or from a
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r is e  In fÛ2  from the dissociation of COg (Nokleberg, 1973). The mag­
nitude of th is  la t te r  process in the abasnce of fÛ2  buffer data is  
speculative.
The increase in modal pyroxene which should resu lt from a lowering 
of i ts  Ca content is  not apparent in any o f the samples along the 
length o f the s i l l .  I t  is  l ik e ly  that th is  increase o f available  
CaO was extracted by the plagioclase c ry s ta lliz in g  at higher temper­
a tu res , thus resu ltin g  in  no modal variations fo r e ither plagioclase 
or pyroxene.
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CHAPTER VI 
CHEMISTRY
Diabase-Xenolith Reactions
Variations in  the s i l l  described in the previous section are 
a ttr ib u te d  to the contamination o f the diabase by rocks presumably 
incorporated during in trusion . The d is trib u tio n  of elements in the 
s i l l  may also be explained by th is  mechanism, and i t  appears that th is  
exerted the primary control in diabase 'd if fe re n t ia t io n '.  Although 
d iffe re n tia t io n  in the proper sense probably occurred, i t  fa ile d  to 
produce v is ib le  effects  as i t  was overshadowed by the chemical exchan­
ges between diabase and xenoliths.
The Altyn Limestone (dolomite) is  the most l ik e ly  candidate fo r 
the parent o f the dolomite xeno liths , and a whole rock analysis, from 
Daly (1912, p. 60) and Ross (1959, p. 55) is  included in Table 6 . The 
stra tig rap h ie  thickness o f the exposed Altyn in G lacier Park is  roughly 
2000 fe e t (Ross, 1959) and varia tions are to be expected in its  chemis­
t r y .  However, the formation is  esse n tia lly  a magnesian limestone, with 
some more s ilic io u s  and possibly argillaceous frac tion s . I t  may be 
used as a reference point fo r  calcu lations regarding diabase-xenolith  
reactions. Analyses fo r stage I I  xenoliths (DX 3C, OX 5) and a 
stage I I I  type (S-3) are given in Table 6 . The stages I ,  I I ,  and I I I  
are thought to represent advancing chemical and mineralogical e q u ilib r ia  
in the dolomite.
An examination of the analyses shows th at the inclusions are modi­
f ie d  in the d irection  o f the host rock. This encompasses additions of 
SiOg, A I2 O3 , and Fe^Og. The xeno lith  has returned CaO, MgO, and CO2
49
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Table 6 . Xenolith and Altyn Limestone Compositions
"O
CD
3(/) DX-1 DX-13 DX-10 DX-12 DX 3C DX-5 S-3 14050 1322
o'
3
o SIOj 68.55 74.91 74.72 72.83 38.68 46.87 45.73 18.85 13.46
3"
CD
8
"O
TiOg 0.47 0.44 0.54 0.45 1.03 1.21 2.95 0.06 n.d.
(O '
3"
AI2O3 13.32 12.92 14.70 13.92 19.37 13.86 13.84 1.90 1.56
i
3
CD
Fe total 
as FeO 3.61 2.26 2.74 3.01 14.89 16.76 12.55 0.84 1.53
T1
C
3.
3 "
CD
MgO 1.89 1.23 1.49 1.52 3.03 5.79 5.79 16.36 17.81
"O
o
CaO 4.39 2.03 2.07 3.02 20.47 14.28 16.21 23.79 25.08
Q.
C
ao Na2Ü 9.63 7.50 2.80 3.31 n.d. 1.41 n.d. 0.18 0.28
3
■DO
3"
KgO 0.10 0.18 2.43 2.71 0.35 0.34 1.26 1.06 1.08
O’
1—H
CD COg n.d. n.d. n.d. n.d. n.d. n.d. n.d. 36.65 38.08
$t—h
3"Oc 101.96 101.47 101.49 100.77 97.82 100.52 98.33 99.69
98.88
"O
CD
3
(/)
(/)o'
3
1. From Ross, 1959,
2. From Daly, 1912, 
n.d. Not determined.
p. 55 
p. 58
DX-1, DX-13, a lbite-quartz xenoliths; DX-10, DX-12, a lb ite -a lka li feldspar-quartz xenoliths; 
DX-3C, pryoxene-hornblende-epidote stage I I  xenolith; DX-5, albite-quartz-hornblende-epidote 
stage I I  xenolith; S-3, stage I I I  dolomite xenolith; ID-14050, 1322, Altyn Limestone.
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to the magma. Evidence also suggests th a t NagO was concentrated in 
the xenoliths. Most o f these exchanges probably occurred during the 
prograde reactions.
In i t ia l  metamorphism o f the dolomite, represented by stage I 
xen o lith s , c h a ra c te r is tic a lly  occur in dike exposures and have had 
lim ite d  time fo r e q u ilib ra tio n . The p rinc ip le  mineral is epidote 
which occurs as a monomineralic aureole around a magnesian c a lc ite . 
Epidote is  considered a retrograde product o f grossularite . In rare 
cases a th in  e rra tic  1 to 4 mm zone o f grossularite lo ca lly  separates 
the c a lc ite  and epidote. G rossularite , in  contact with c a lc ite , may 
also be randomly dispersed throughout the outer edges of the c a lc ite  
core. I t  has the appearance, as does the epidote (Figure 4a ), of 
forming a t the expense o f the c a lc ite . A possible prograde garnet- 
producing reaction is :
A I2 O3  + SSiOg + 3CaMg( 0 0 3 ) 3  Ca3 A l2 Si3 0 ^ 2  + 3MgO + COg
This reaction necessitates the in flu x  o f A1gÛ3  (and fe r r ic  iron) 
a t an early  stage. S im ilar migrations have been reported elsewhere 
(Jo p lin , 1935; Gindy, 1953; T i l le y ,  1949; B u tler, 1965). Free SiOg 
is  present a t th is  stage and may be derived from the xenolith or as is 
probable in la te r  stages, from the diabase along an a c tiv ity  gradient 
in to  the inclusion. A reaction of th is  nature is also consistent with  
the upward increase o f MgO in the diabase. Part of th is eventually  
enters the diopside s tructure , though much o f i t  was apparently re ­
leased into  the s i l l  a t th is  time.
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Where epidote is  adjacent to grossularite in the advancing re tro ­
grade re eq u ilib ra tio n  fro n t, epidote may form by:
A I2 O3  + HgO + ZCa^AlgSi^O^g -> 2 Ca2 Al3 S i3 0 j 2 ( 0 H) + 2CaO.
Stage I I  xenoliths are marked by the c ry s ta lliz a tio n  of diopside, 
which is  concentrated toward the edge o f the inclusions. Diopside may 
a ris e  from the reaction:
2S i02 + CaMg{003)2 CaMgSigOg + 2CO2
or w ith  H2 O ava ilab le  (since the Purcell S i l l  erupted nearby to form 
p illow  lav as ), a lower temperature reaction:
8 S i0 2  + HgO + 5CaMg(0 0 3 ) 2  Ca2 Mg^Sig0 2 2 (0 H) 2  + 3 0 a0 0 3  + 7 OO2
and w ith increasing temperature and time:
2 S i0 2  + 30a0Û3 + 0 a2 MggSig0 2 2 (0 H) 2  SOaMgSigOg + SOOg + H2 O.
In stage I I  xeno liths , quartz and a lb ite  may be present. The stable 
assemblage is  diopside, g rossu larite , quartz and a lb ite , and is rep­
resentative o f the pyroxene hornfels fac ies .
Further m odification to stage I I I  is  more properly considered as 
assim ilation  than metamorphism and is  s im ila r to an example recorded by 
Gindy (1953). The important reaction consists o f the formation o f a 
ca lc ic  plagioclase from grossularite:
2A12 ^ 3  ^ 3 S i0 2  CagAl2 $ i3 0 j^2 3CaAl2 Si
although th is  is s im p lified  as large scale rearrangements are evident.
The reactions described have in common the addition o f S i0 2  (and 
A I2 O3 ) fo r the development o f the next higher assemblage. The analysis 
o f stage I I  xenoliths indicates th at they have concentrated A I2 O3  com­
pared to the least-contaminated, c h ill  zone diabase (19.37 vs. 12.48 
wt %). This apparent migration of an element along an a c t iv ity  gradient
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is  also shown by MgO which is 3.03 wt % in the xeno lith , down from 
approximately 16.50 wt % in the dolomite. The d irection of movement 
of these elements is  reversed as the xenolith becomes fu rther incor­
porated in to  the diabase. In sample S-3, A I2 O3  is reduced and MgO 
increased to leve ls  more appropriate to the diabase. The a c tiv ity  
gradient o f S i0 2  remains in the d irection  o f the xenolith . The resu l­
tan t mineralogy and chemistry o f S-3, although remaining high in CaO, 
and low in S i0 2  and MgO, is  equivalent to the diabase.
Deuteric a lte ra tio n  and retrograde reactions are ch a rac te ris tic a lly  
more pronounced in the xenoliths than the diabase. In stage I I I  dolo­
mite xenoliths th is  manifests i t s e l f  by the saussuritization of p lagio­
clase laths and the presence o f hornblende and ch lo rite  in  place of 
pyroxene. Pyroxene in stage I I  xenoliths are rimmed by retrograde 
hornblende, the process more ac tive  a t the margins leaving fewer and 
smaller cores. Xenoliths were responsible fo r the loca liza tio n  of 
v o la tile s  as the minerals in the diabase are re la t iv e ly  unaffected.
The xenoliths evolved in  a v o la t ile -r ic h  environment which has also 
affected the adjacent diabase, as demonstrated by the larger grain size  
in the v ic in ity  o f the dolomite xenoliths.
Q uartzite  xenoliths show l i t t l e  reaction with the diabase. Xeno­
lith s  may e x h ib it pyroxene coronas and the c ry s ta lliz a tio n  o f ferromag- 
nesian minerals w ith in  the inclusion. The most profound e ffe c t on the 
xenolith  is  i ts  solution and gradual rounding, characteris tics that 
are ty p ic a lly  associated when immersed in more acid magmas. Outcrops 
show a c le ar re la tio n  between the angularity  o f the xenolith and its  
mafic mineral content; those most spherical contain more ferromagnesian
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m inerals. The Na-rich (DX-1. DX-13) and K-rich (DX-10, DX-12) samples 
e x h ib it s im ila r inward reorganization and outward contamination of 
diabase. The quartz ites  c h a ra c te ris tic a lly  impart a pink halo o f a l ­
ka li fe ldspar to the adjacent diabase. Ernst (1960) suggests that the 
pink color is  caused by minor amounts of Fe exsolved from the feldspar 
structure during cooling. This is consistent with iron entering the 
xenolith  and loca lized  about i t .  A broad pink halo is common around 
dolom itic xenoliths fo r the same reason. The diabase surrounding the 
q u artz ite  is  marked by a greater amount of modal quartz w ithin a band 
2-3 cm wide. A lb it ic  xenoliths probably supplied NagO to the magma 
although th is  cannot be confirmed in the absence of diagnostic min­
erals and the in a b i l ity  to determine anorthite content.
The diabase has gained s il ic a  as is  apparent from the rounding 
and solution o f the q u a rtz ite  xenoliths, and the quartz enrichment 
selvage around the xeno liths . The primary reaction fo r its  introduc­
tion  is :
SiOg + MggSiO  ̂ +  ZMgSiO^.
The amount o f modal orthopyroxene increases nearly lin e a r ly  in the lower 
diabase in response to the continual addition o f SiOg. This is  coupled 
with the gain o f Mg from the dolomite xenoliths as expressed by the 
whole rock analyses (Figure 13). The quartz ite  has acted as a source 
of s il ic a  and has l i t t l e  modified the diabase in other elements.
Prelim inary relationships suggest that the q u artz ite  xenoliths  
have maintained a lim ited  m is c ib ility  with the diabase. Transfer of 
s il ic a  and a lk a lie s  has occurred across the rock contact, most l ik e ly  
by solution or vapor phase tra n s fe r, ye t the xenoliths re ta in  th e ir
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in te g r ity  w ith the diabase even a t the granophyric boundaries. Con­
s ideration  o f the time and temperatures a t which the xenoliths were 
immersed ind icate  th a t th is  mixing process was slow (Jaeger, 1967). 
Recent f ie ld  and experimental studies (Yoder, 1973; McBirney and Naka­
mura, 1974; Smith and S ilv e r , 1975) have shown that mutual immisci- 
b i l i t y  o f liq u id  basa ltic  rock and juxtaposed 1 iq u id .g ran itic  rock 
is  not uncommon and perhaps should be expected in geologically short 
times. However, studies by Wiebe, 1973, and Maury and Bizouard,
1974, show that assim ilation and the homogenizing o f contrasting rock 
types may occur in  some cases. I t  appears that a particu lar set of 
circumstances such as differences in chemistry, notably FeO and P2 0  ̂
(Aniruddha, 1974) or physical properties such as viscosity (Yoder,
1973) may be co n tro lling  factors fo r im m isc ib ility . Further in v es ti­
gations on the xenoliths in the Purcell S i l l  may aid in c la rify in g  
these conditions.
Whole Rock Chemistry
Whole rock chemical analyses are presented in Table 7 fo r samples 
from Siyeh Pass. Samples S-47 and S-48 from the granophyric zone of 
Dawson Pass ind icate the inhomogeneity o f small volumes of rock.
Data fo r the contiguous diabase to granophyre sequence is  shown in 
Figure 13. The element varia tions are c le a rly  co rre la tiv e  with xeno­
l i t h  ass im ila tion .
I t  is  concluded th at the primary influence of the quartz ite  xeno­
l ith s  was to act as a s ilic a -p o o l. Although s il ic a  was drawn into the 
magma th is  is  not re flected  in the whole rock chemistry as s ilic a  con­
ten t remains a t 48 to 49 wt % throughout the diabase. This increases
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Table 7. Diabase Whole Rock Compositions in the Siyeh Pass Section
■oCD
3
C/)C/)
S-28 S-29 S-30 S-31 S-32 S-34 S-35 S-47 S-48
o3
o SiOg 48.92 48.66 48.87 49.38 48.82 51.06 50.70 50.70 52.27
8 TiOg 4.27 4.22 3.72 3.86 4.39 3.76 3.57 4.24 3.41
(O'
3
9
12.50 12.09 11.86 10.83 10.32 14.61 14.59 14.45 13.72
3CD
"nc
Fe total 
as FeO 11.89 12.10 13.87 11.69 12.39 12.34 12.89 12.20 12.59
3.
3"
CD
3
MgO 7.69 7.60 9.22 9.49 9.95 4.73 4.70 5.07 4.51
■o
oQ.C
CaO 9.95 10.25 8.88 10.78 10.86 7.59 7.45 8.40 8.21
a
o
3
Nâ O 4.92 4.14 4.08 3.18 3.22 5.82 5.07 4.80 4.58
O
3"
g
KgO 1.Q4 1.26 0.74 1.02 1.29 1.81 1.83 1.51 1.92
CDQ.
$ 
1—H
3"
101.48 100.32 101.15 100.23 101.24 101.72 100.83 101.37 101.21
OC_
T3CD
3
C/)
C/)
o'
3
Analyses are by X-ray fluorescence, except fo r Na2Û which are by atomic absorption. Each 
analysis represents the average of two analyses from separate fractions of the handspecimen 
Replicate runs produce consistent results. Sample locations given in Figure 6.
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Figure 13. Diabase composition of the Siyeh Pass section,
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to 51 wt % in the granophyric zone because i t  is p a r t ia lly  composed 
of q u a rtz ite  xeno liths . SiÛ2  behavior in  the system may be thought 
of in two parts; i ts  addition in to  the magma from the q u artz ite , and 
removal to form Ca-Al s ilic a te s  in the dolomite xenoliths. I t  is 
thought th at additions and subtractions ôSi0 2  were balanced and there­
fore the diabase acted as an intermediary receiving s ilic a  but also 
losing i t .
A I2 O3  shows a steady decrease in the diabase as i t  is incorporated 
into the xenoliths eventually as epidote. This lin ea r decline demon­
strates that the xenoliths reacted immediately and continuously with 
the magma throughout th e ir  ascent through the s i l l .  Mg, a by-product 
of the grossularite-form ing reaction , increases in the diabase. How­
ever, there is  a lag in i ts  d is tr ib u tio n  into the magma, the in flux  
being f i r s t  recorded from sample S-30 a t the 7.6 meter le v e l. This lag 
may be a sampling e rro r, or re a l,  and the resu lt o f inhomogeneity o f 
the m elt. For example, i t  is envisioned that as the xenoliths rose 
w ith in  the magma they reacted continuously with the adjacent diabase.
The longer a xenolith  remained in  a given chemical environment, the 
greater the exchanges with the diabase. A lte rn a tiv e ly , i f  the 
diabase lacked nearby x e n o lith s , i ts  composition would be unchanged.
Fe to ta l which should roughly p a ra lle l the decline of A I2 O3 , 
and is apparently concentrated in  the early  h istory o f the dolomite 
xenoliths (compare Altyn Limestone vs. xenolith DX 3C), is anomalous.
A s lig h t increase o f CaO in the diabase may be due in part to 
i ts  release from dolomite xeno liths . A lte rn a tiv e ly , i t  may denote 
the pervasive a lte ra tio n  and low-grade metamorphic eq u ilib ra tion  of
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plagioclase. I t  was noted th at the An content o f plagioclase is lower 
than expected and there is  the p o s s ib ility  that CaO was redistributed.
The granophyric hybrid zone is dominantly a collection of xeno­
l i th s  and the ra tio n a le  used in describing the modes in the zone may 
be applied to its  chemistry. For instance, o f the three rock types 
th a t compose the granophyre, only the diabase contains appreciable MgO, 
and therefore the MgO content o f the granophyre is low. Dolomite and 
q u a rtz ite  xenoliths are high in A I2 O2  and accordingly there is more 
A I2 O3  in the granophyre than in the diabase. The other elements express 
the same addition o f xeno liths . The composition of the granophyric zone 
may be approximated using one part diabase (S -28 ), one part dolomite 
xenolith  (DX 3C), and one part q uartz ite  xenolith  (DX-1, DX-10).
Composition o f the Uncontaminated Magma
Three samples, two from the lower c h ill  margin and one from the 
upper, were chemically analyzed and are presented in Table 8 . Their 
normative minerals along with those from other diabase samples are 
given in  Table 9. Samples were chosen a t widely separated sections in 
order to determine possible la te ra l variations in composition. There 
is  l i t t l e  d ifference in the samples and i t  is  concluded that the magma 
was intruded rap id ly  and homogeneously.
The analyses ind icate  that the diabase has a f f in it ie s  with the 
a lk a lin e  o liv in e  basalt fam ily . One o f the more useful compositional 
diagrams used to ind icate broad basalt types is  a p lo t of SiÛ2  versus 
Na2 Û + K2 O. When c h il l  zone samples are plotted on such a diagram they 
f a l l  well w ith in  the a lk a lin e  o liv in e  basalt f ie ld .  C lass ifica tion  by 
the CIPW norm can also be used to d istinguish basalt types. Table 8
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Table 8 . C h ill Zone Compositions
S-28 S-41 S-8 Q AVG
SiOg 48.92 48.77 49.00 48.90
TiOg 4.27 4.05 4.27 4.20
A I2 O3  12.50 12.36 12.58 12.48
Fe to ta l
as FeO 11.89 12.50 12.35 12.25
MgO 7.69 8.25 7.77 7.90
CaO 9.95 8.95 9.25 9.38
NagO 4.92 4.50 4.23 4.53
KgO 1.04 1.66 1.47 1.39
101.48 101.04 100.92 101.03
S-28 Siyeh Pass Section 
S-41 Dawson Pass Section 
S-80 Yarrow Creek Section
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Table 9. CIPW Normative Minerals in the Siyeh Pass 
Section and C h ill Zones.
S-28 S-29 S-30 S-31 S-32 S-41 S-80
Or 6 . 0 7.5 4.5 6 . 0 7.5 9.5 8.5
Ab 27.5 26.0 36.0 27.5 25.5 25.0 29.0
An 9.5 10.5 11.5 12.3 9.8 8 .5 11.3
Ne 9.0 6 .9 0.3 0.9 1 . 8 9.0 5.1
Di 31.6 32.4 25.6 33.2 34.8 28.4 27.2
01 7.1 6 . 6 1 2 . 2 10.5 1 0 . 2 9.5 8.9
Mt 3 .5 4 .2 4.7 4.1 4.4 4.4 8.9
11 5.8 5.8 5.2 5.4 6 . 0 5.6 5.8
1 0 0 . 0 99.9 1 0 0 . 0 99.9 1 0 0 . 0 99.9 1 0 0 . 0
Samples S-28 through S-32 from lower diabase Siyeh Pass section. 
S-41 from lower c h ill  zone Dawson Pass section,
S-80 from upper c h ill  zone Yarrow Creek section.
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shows th a t a l l  diabase samples are nephellne normative, the c h ill sam­
ples being more so, and therefore also ind ica tive  o f a lka lin e  o liv in e  
basalts . The very high I i 0 2 » which is re flected  in the tita n ife rro u s  
au g ite , im plies an a lk a lin e  o liv in e  typé magma.
The presence of modal quartz appears contrary to th is  conclusion.
In the Ahern Pass (and Dawson Pass section, data not presented) section, 
modal quartz increases (Table4b ) and presumably chemical analyses 
would v e r ify  an increase in S i0 2  wt %. Quartz enrichment in the s i l l  
along with the c ited  orthopyroxene reaction is consistent with assimi­
la tio n  of q u a rtz ite  by the diabase resu lting  in rionequilibrium condi­
tio n s .
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER V II 
PETR06ENESIS
The Purcell S i l l  diabase belongs to a basaltic province outlined  
by Hunt (1961). Members of the su ite  occur as intrusives and extru- 
sives flanking  the Rocky Mountain Trench in western Montana and sou­
thern Alberta and B ritis h  Columbia. They are marked by high TiOg 
values, and i t  is  thought that th e ir  individual characteristics were 
developed from combinations o f fraction atio n  and contamination. The 
c ry s ta lliz a t io n  h istory o f the Purcell S i l l ,  which makes up a volume- 
t r ic a l ly  small fra c tio n  of the o rig in a l magma, was deminated by con­
tamination and in th is  way is unique in  the series.
I t  appears th a t the movement o f the magma through dikes was 
accompanied by the removal o f considerable wall rock. An estimate o f 
the amount may be made using equal parts dolomite, quartz ite  and d ia ­
base to form the hybrid zone. At Siyeh Pass, the hybrid zone measures 
6  to 7 v e rtic a l meters o f the to ta l 32 meters o f the s i l l .  Therefore 
approximately 4 cubic meters o f xenoliths were infused into  every 28 
cubic meters o f diabase. Mass balance estimates involving the chem­
is t r y  o f the xenoliths and the in flu x  or egress of the elements to and 
from the diabase are consistent w ith th is  ra t io .
Xenoliths in  the dikes a t Cracker Lake and Otokomi Lake are exposed 
in  re la t iv e ly  undigested states. In many cases they are acutely angular 
and have undergone lim ited  chemical exchange with the diabase. Xeno­
l i th s  o f s im ila r appearance are rare  in the s i l l  and the d is tin c t  
transformations induced by xenoliths assim ilation , the introduction of 
s il ic a  with the concomitant disappearance of o liv in e , and the depletion
63
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of AlgOg from the diabase are already v is ib le  in the c h ill  zone.
Such trends are am plified with fu rth er mixing. I t  is  possible that 
the beginnings o f assim ilation proceeded intrusion.
I t  appears that the reactive  nature o f the xenoliths was promoted 
during and follow ing in trus io n . Xenoliths are absent from the c h ill 
margins and therefore i t  is postulated that a dispersive force was 
operative akin to th a t described by Komar (1972) fo r phenocrysts. This 
implies a re la t iv e ly  f lu id  magma and a high concentration of in teracting  
xeno liths . Once in the s i l l  environment and locked from the lower and 
upper c h il l  margins, the lig h te r  xenoliths rose. Using Stoke's Law, 
the calculated density values o f 2.61 fo r q u a rtz ite , 2.76 fo r Altyn  
Limestone (less i f  liq u id ) and 2.80 fo r molten diabase with an average 
v is co s ity , indicates th at the r is e  o f xenoliths was rapid . In the case 
o f the dolomite xeno liths , reaction with the diabase had increased 
th e ir  density to approximately 3.30 by midway in th e ir  development 
(stage I I ) .  Before th is  the grossularite-diopside inclusions may have 
descended in the magma. The q u a rtz ite  xenoliths however were l i t t l e  
modified and rose u n til bounded by the downward so lid ify in g  diabase.
The preponderance of dolomite-derived inclusions in the lower diabase 
and the exclusion o f q u a rtz ite  types is  a ttrib u ted  to th is  density 
driven process.
The upward flu x  o f  xenoliths provided a continually  new and unde­
pleted elemental environment by mixing and homogenizing. This aided 
in reaction and exchange with the diabase and may be contrasted with  
examples of contact phenomena where the composition o f the intrusion  
has varied in  a lim ited  aureole around the contaminating rock. With 
other parameters constant, exchange between diabase and xenolith is
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more extensive than in the absence of th is  movement.
An example discussed by Weibe (1973) demonstrates that s ig n ific a n t  
exchange can occur in a few hours between liq u id  basalt and liq u id  
g ra n ite . The migrations were favored in the Purcell S i l l  by mixing, 
the lo c a liz a tio n  o f v o la t ile s  around the inclusions, the d is s im ila r ity  
between the xenoliths and diabase, and the apparent aggressive tenden­
cies o f the magma. The e ffe c tiv e  d isso lution  o f the xenoliths suggests 
some degree o f superheat in  the magma. The absence o f plagioclase  
phenocrysts and the rapid in je c tio n  support th is  view.
The ascent o f xenoliths was eventually  halted by the s o lid if ie d  
framework o f the diabase cooling downward from the upper contact (F ig ­
ure 6 ) .  This resulted  in  the co lle c tio n  o f xenoliths and the formation 
of a granophyric hybrid la y e r. The tra n s itio n  zone o f the upper margins 
o f the granophyric zone is  more d iffu s e  than th at o f the lower contact 
and i t  appears th a t many o f these xenoliths were trapped a fte r  flow  
d if fe re n t ia t io n . The lower contact o f the granophyric zone is sharp, 
as the assembled xenoliths were able to f lo a t  on the s t i l l - l iq u id  d ia ­
base. The homogeneity o f the granophyre may be due in  part to the 
presence o f v o la t ile s  and perhaps the liq u id  s ta te  o f the xenoliths a t  
th is  time.
Cooling o f the diabase was d irected  from the margins inward. How­
ev er, s o lid if ic a t io n  was delayed a t the granophyric zone boundaries 
since i ts  c ry s ta ll iz a t io n  temperature was less than th at o f the diabase. 
This s itu a tio n  is  evidenced by the percolation zone th at ex ists  above 
the granophyre and the d eflec tio n  in the jo in t  pattern a t the upper 
granophyre boundary. In the percolation zone the in te r s t i t ia l  m aterial 
has been enriched by solutions high in S i0 2 , KgO and HgO. This is
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confirmed by the Increase in modal quartz, a lk a li fe ldspar, resorption 
o f plagioclase by a lk a li feldspar and the predominance o f hornblende 
over pyroxene.
The pyroxene o f the granophyric hybrid zone is  unlike the t ita n -  
augite th a t is  typ ica l o f the diabase, and is termed sector-zoned. 
Although the exact mechanism by which sectorizing is  accomplished is 
debatable, researchers agree that i ts  o rig in  may be a ttribu ted  to rapid 
c ry s ta lliz a t io n  (Nakamura, 1973; Nakamura and Coombs, 1973, 1973) which 
allows the incorporation o f ions into  s ites  otherwise unfavorable under 
equilibrium  conditions. This suggests that the gradual c ry s ta lliza tio n  
of the granophyre may have been interrupted by the in flu x  o f COg into  
the system and a consequent c h illin g  e ffe c t. An a lte rn a tiv e  in trepre- 
ta tio n  is  th a t the pyroxene did not nucleate u n til the granophyric zone 
was supersaturated with respect to the m ineral. Growth conditions 
would be accelerated, resu lting  in  sector-zoned pyroxene. The large 
crysta l s ize  o f th is  layer does not b e lie  th is  fa c t ,  as the hybrid zone 
was rich  in v o la tile s  and maintains a pegmatitic character.
I t  is  demonstrated th at assim ilation  o f the dolomite and quartzite  
xenoliths influenced the diabase in contrasting ways. Dolomite xeno­
l i th s  are responsible fo r large-scale exchanges o f the oxides AlgOg, 
MgO, SiÜ2 , and possibly Fe2 0 ^. These variations have not greatly  a l ­
tered the modes o f the s i l l  and i t  is probable that these changes are 
re fle c ted  in  the compositions o f individual mineral phases. The advent 
of CO2  on the crystal 1 izing diabase effected more rapid s o lid ific a tio n  
with sm aller grain s ize , higher temperature assemblages, and favored 
the production o f non-hydrous m inerals.
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The solution and incorporation o f q uartz ite  has affected the modal 
assemblages. These include the formation of orthopyroxene and the pre­
sence o f free  quartz.
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APPENDIX A 
COOLING HISTORY
The assumed physical parameters used to ca lcu late the cooling of 
the sheet by the method o f Jaeger (1957, 1967) are lis te d  below.
Case I Temperature range of s o lid if ic a tio n  o f magma:
Tj = 1200*C, Tg = 750»C
Case I I  Temperature range of s o lid if ic a tio n  o f magma:
Tj = 1200*C, Tg = 950*C
Density o f s o lid if ie d  basalt: = 3.00
Density o f liq u id  basalt: = 2 . 7 2
Thermal conductivity o f s o lid ifie d  magma: = .0032
Thermal conductivity o f liq u id  magma: Kg = .0032
S pecific  heat o f s o lid if ie d  magma: Ĉ  = .025
S pecific  heat o f liq u id  magma: Cg = .030 (Plus la te n t heat)
Values fo r specific  heat and la te n t heat are from Jaeger (1957, 
1967), liq u id  basalt density and thermal conductivity are from 
Murase and McBirney (1973). Density o f the ch ille d  margin was measured. 
Two temperature ranges were assumed, 1200®-750°C fo r complete c ry s ta l­
l iz a t io n  o f a w ater-rich  magma, and 1200°-950*C fo r c ry s ta lliz a tio n  of 
plagioclase and pyroxenes which would e ffe c tiv e ly  prevent fu rth er ascent 
o f xenoliths (Turner and Verhoogen, 1960). Time fo r s o lid if ic a tio n  to 
a given plane is  presented below and in Figure 6.
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Case I
S-29 a t  3 .0  meters 2.1 years cooling in terval
S-30 7 .6 5.2
S-31 13.7 9.5
S-32 12.6 8.7  (cooling from upper contact)
Case I I
S-29 a t 3 .0  meters 0.95 years cooling in terval
S-30 7.6 2.4
S-31 13.7 4.3
S-32 12.6 3.9 (cooling from the upper con-
tac t)
L i t t le  trapping o f xenoliths is  evident, which implies that the 
allowable time fo r  d iffus ion  and reaction was controlled by the ris e  of 
xenoliths ra ther than s t r ic t  cooling and s o lid ific a tio n  of the s i l l .
I f  th is  is  tru e , factors  governing the r is e  and/or f a l l  of xenoliths 
need to be considered. Data fo r  basalt magma v is co s itie s , especially  
in the presence of v o la t i le s , are scant and open to question. Employ­
ing suggested basalt v isco s ities  in Stoke's Law gives times fo r xeno- 
lith -d ia b ase  reactions s ig n ific a n tly  less than fo r s o lid if ic a tio n .  
Factors such as accelerated c ry s ta lliz a tio n  by increases in COg, and 
the heat lo s t to the xenoliths complicate the issue. Nevertheless, 
the above calcu lations are o f the r ig h t order o f magnitude and emphasize 
the short reaction times.
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APPENDIX B 
COLLECTION SITES
Ahern Pass: a t Ahern snow d r i f t ,  between Ahern Pass and Granite Park.
Cracker Lake: dike a t head o f Cracker Lake.
Dawson Pass: between Dawson Pass and Flinsch Peak on Continental 
Divide.
F if ty  Mountain: west o f Cathedral Peak, o ff  t r a i l  to F if ty  Mountain 
Camp.
Highline T ra i l :  northwest of Haystack Butte above the t r a i l .  S i l l  
transgresses Highline T ra il approximately 1 km from Logan Pass.
Highway 2: up unnamed creek near Nimrod.
Otokomi Lake: dike a t head of Otokomi Lake in Roes Basin.
Siyeh Pass: on Metahpi Peak ridge leading down to Siyeh Pass.
Scalplock Mountain: on t r a i l  near top o f Scalplock Mountain.
Yarrow Creek: south slope of Spionkop Ridge, 14 miles north o f in te r ­
national boundary.
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